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PLA~S 22 To 25 (Received for publication, April 13, 1959) In the Arthus-type hypersensitivity reaction, the intradermally injected antigen has been found to localize in vessel walls within the first 7 hours, during which time the vascular inflammatory reaction increased to nearly maximal intensity (1). The antigen was then noted to disappear gradually, being detectable for a period of time up to 48 hours in most instances. However, little evidence was at hand as to the manner in which the antigen and antibody initiated the vascular reaction and in which the offending antigen was then removed from the damaged vessels. Investigation was therefore undertaken along these two lines.
In a broader sense it was hoped that such studies might cast some light on the possible mechanisms by which vessels that are involved in an allergic inflammatory reaction are cleared of the offending antigen and antibody, thereby allowing repair to take place. Such mechanisms could conceivably be operative in hypersensitivity angiitis, serum sickness, polyarteritis nodosa, and the vascular component of rheumatic fever and systemic lupus erythematosus, provided an antigen-antibody mechanism is involved in each case. Antiserum.--Antibodies to the BSA, 5 HGG, and HSA were produced in rabbits by injections of a 0.15 ,~ NaC1 solution of the antigen in multiple courses of four subcutaneous injections of 20 rag. protein each and an intravenous injection of 30 nag. protein/kg, given on consecutive days. Antibodies to the RSA and RSG were produced in sheep by multiple monthly intramuscular injections of 50 nag. protein in Freund's adjuvant without addition of tubercle bacilli. All antisera were maintained frozen at --20°C. with 1:10,000 merthiolate added as preservative until needed.
Materials arm Methods
Purification of Antisera.--Many of the antisera produced as described above were found on testing to contain antibodies against not only the principle antigen but also small amounts of contaminants in the antigen as well; e.g., small amounts of HSA in the HGG. Therefore, the antisera used in the fluorescent antibody technique (below) were tested for the presence and amount of contaminating antibodies, using the quantitative precipitin technique (2) and agar diffusion (3). These contaminating antibodies were then absorbed out at equivalence, by repeated absorptions if necessary, until the contamination band on agar was cleared. Macroscopic Grading of Reaaions.--The system of grading was the same as that used previously (1). In cases where reactions were graded at 7, 24, and 48 hours, a 4+ designation was given at 7 hours if extensive hemorrhage and edema which almost invariably preceded necrosis was found. At 48 hours, despite the persistence of necrosis which required more time for healing, the reaction was given a grading lower than 4+ if edema, erythenm, and hemorrhage were noticeably less than at 24 hours. The grade of reaction then depended on the quantities of these factors that persisted.
Pro&~aion of

Deplelion of Circulating Polymorphonuclear
Leukocytes.--Nitrogen mustard (HN~), (mustargen, Merck, Sharp and Dohme, Philadelphia), was injected intravenously in doses of 1.75 nag. per kg. body weight. The circulating polymorphonuclear leukocytes (polymorph) count, which normally ranged from 3,000 to 6,800/ram. s, then fell similarly to that described by Humphrey (4) reaching a count close to zero 3 to 4 days after injection. The numbers of circulating mononuelear cells were moderately decreased after HN~ injection, dropping from normal values of 6 to 9000 to levels between 500 and 2000/ram. s Abundant platelets were always found in smears. In a majority of the studies a prolongation of the polymorph depleted state was obtained by a second intravenous injection of HN'2, 1.75 mg./kg., given 3 days after 1 RSA, rabbit serum albumin. RSG, rabbit serum globulin. 3 HGG, human gamma globulin. 4 HSA, human serum albumin. 5 BSA, bovine serum albumin. the first. This maintained a polymorph depleted state for 2 to 4 days. Occasionally, especially in smaller rabbits, bacteremla and death ensued during this prolonged polymorph depletion.
Fluorescent Antibody Techni~e.--Frozen tissue sections and tissue prints were studied using the fluorescent antibody technique of Coons and Kaplan (5) with certain modifications (1). Tissue prints and frozen sections were treated identically except that the prints were allowed to react with fluorescent antibodies for 20 rather than 30 minutes to minimize nonspecific staining. The amount of non-specific staining of leukocytes was never great, using our particular fluorescein-tagged antisera and method of liver powder adsorption (1). Bone marrow powder absorption (6, 7) was used for comparison but was found to be unnecessary. It should be emphasized that fluorescent antisera containing contaminants that cross-react with the antigen under study will react on the slide yielding positive fluorescence. Complete cross-absorption of the contaminating antibody in the method described above is necessary to remove this staining. 
Method of DeZecting Antigen Catabolism by Leukocyles in Vitro.~
Attempts to remove leukocytes from cutaneous Arthus reactions were found unrewarding. Hence, the spleen was selected as a source of leukocytes due to its cellularity and easy accessibility. In preliminary experiments the spleen of a sensitized rabbit was found upon antigen injections to yield a massive influx of polymorphs, with occasional changes in the sinusoids resembling the necrotizing vascular reactions seen in the skin. In the experiments recorded here, the spleens of rabbits sensitized to BSA as described above were exposed by laparotomy and aseptically injected with 1.2 to 1.5 nag. I*BSA N. 5 to 6 hours later the spleen was aseptically removed and, after sections were taken both for fluorescent antibody studies sad routine histology, the spleen was teased apart in 1 to 2 ml. of balanced salt solution (BSS) 6 and 2 per cent normal rabbit serum (NRS)Twith small wire screen rakes. The resulting cell suspension was passed through a fine metal gauze filter to remove tissue particles and the cells were then washed twice with 10 ml. volumes of BSS-2 per cent NRS to remove most of free I*BSA in the supernatant. The cells from a single rabbit spleen were used in each of three experiments. These cells were found to contain granules of BSA and RSG using the fluorescent antibody technique. The proportion of all the cells found to contain antigen varied between 5 and 30 per cent in the three spleen preparations and a majority of the BSA-RSG containing cells were polymorphs. The cells were then placed into "199" medium 6 containing 10 per cent NRS and 10 per cent chick embryo extract, and the pH of the medium was adjusted to 7.2 (phenol red indicator). Enough medium was used so that the cell suspension came to about 20 X 106 cells per ml. The cells were then placed in siliconized roller tubes, 2.5 ml. per tube, and incubated at 37°C. in a revolving drum. A single tube was removed immediately and at various times thereafter for analysis of the amount of non-protein bound I ~ released into the media. This would reflect the amount of I*BSA catabolized by the leukocytes. Mter duplicate cell counts were performed, two 1.0 ml. volumes of the cell suspension were withdrawn and the cells and supematant media separated by centrifugation. The cells were then washed once in 2 ml. of BSS with 2 per cent NRS and this wash, after centrifugation, was added to the first supernatant. The protein in the combined supernas BSS, balanced salt solution. NRS, normal rabbit serum. s Mixture 199 without NaHCO,, Microbiological Associates, Bethesda.
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tants was then precipitated with trichloroacetic add(TCA),0 using a final TCA concentration of 10 per cent. The washed cells, TCA supematant and TCA precipitate were counted in a well type scintillation counter. The counted volume was adjusted to 2 ml. at all times and enough counts were recorded to insure a maximum mean counting error of 5 per cent.
,Paper ckromatograpky of Im-labdled products of the catabolized antigen.wPaper chromatographic separation of the In-labelled products of the catabolized antigen molecules was performed. Small amounts of the TCA supematant were allowed to migrate on paper according to the method of Tautog et aL (10) , using a water collidine ammonia solvent. Known amino acids and sodium iodide were placed on the paper to identify the radioactivity of the unknown sample. The paper was then developed with sulfanilic diazonium chloride, the spots of the known, separated, amino acids identified, cut from the paper and their activity determined.
RESULTS
A. Persistence of Antigen and Rabbit Serum Globulin in Vessel Walls in the Absence of Polymorpks
22 rabbits sensitized to BSA were divided into two groups: a polymorph-depleted group of 12 rabbits and an untreated, control group of 10 rabbits so that the two groups contained rabbits of approximately equal range of antibody concentration. Arthus reactions were then induced in the two groups of rabbits and the persistence of antigen in the vessel walls was studied at 7, 24, and 48 hours using the fluorescent antibody technique.
The results of the persistence of antigen at 48 hours are shown in Table I . It can be seen that in rabbits depleted of polymorphs, the antigen persisted in vessels in 11 out of 12 rabbits while in controls a persistence of the antigen occurred in only 2 out of 10 rabbits. In those rabbits receiving two injections of HN~ in which polymorphs failed to return to the circulation by 48 hours after antigen injection, there appeared to be no loss of the BSA from the vessels. However, in the rabbits receiving a single dose of HN2, polymorphs returned to the circulation and along with an influx of polymorphs and an increase in the local reaction some diminution in the amount of antigen was found between 24 and 48 hours in the vessel walls.
In order to have a uniform amount of antibody reacting in both treated and untreated groups, reversed passive Arthus reactions were performed in 4 rabbits depleted of polymorphs with two HN~ injections and in 5 control rabbits. Biopsies taken at 24 and 48 hours again revealed the marked persistence of antigen in the vessel walls of the polymorph-depleted group while the control rabbits showed nearly complete loss of the antigen by 48 hours.
A comparison of the macroscopic reactions in the active Arthus controls and in rabbits depleted of polymorphs by a single HN~ injection with the numbers of circulating polymorphs is shown in Text- fig. 1 . The reactions in the control rabbits reached a maximum of intensity between 7 and 24 hours, and then decreased in severity by 48 hours. As was noted in Table I, this 9 TCA, tric.hioracetic acid. corresponded in time with the disappearance of antigen from the inflamed vessel walls. On the other hand, the polymorph depleted animals failed to develop reactions of more than 1+ severity in the first 7 hours as has been previously described (4, 9) . However, along with the return of polymorphs to the circulation, the reactions were found to increase in severity through 48 hours. In the animals that received two HN~ injections and had a prolonged polymorph depletion, the reaction failed to increase more than 1+ in intensity from 0 to 48 hours after antigen injection. These data are not included in Text- fig. 1 . ~Microscopic studies of H and E-stained sections of biopsies taken from polymorph depleted rabbits at 7 hours revealed an absence of vascular in- flammation (Fig. 1) . However, upon careful observation, in many of the venules and capillaries a band of pink, amorphous material was found deposited between endothelial cells and surrounding muscular or adveutitial cells (Figs. 3, 5) . The endothelial cells as well as the other cells of the vessel wall showed no apparent morphologic changes. Using the fluorescent antibody technique this band of material was found to be rich in both the BSA antigen and RSG (Figs. 2, 4) . Other fluorescent proteins, as noted below, failed to produce positive fluorescence. This BSA-RSG-containing deposit was still found in polymorph-depleted rabbits at 24 and occasionally at 48 hours without evidence of endothelial cellular changes (Fig. 6 ). Some proliferation of mononuclear ceils in the adventitia was frequently seen at 48 hours, however. At 7 hours, and more frequently thereafter, the BSA-RSG-containing material was sometimes found in clumps attached to the luminal side of the endothelium as well as lying free within the vessel lumen. On the other hand, in those rabbits in which polymorphs returned to the circulation at 24 or 48 hours, severe vas-cular inflammatory reactions were found along with vascular thrombosis, edema, hemorrhage, and necrosis.
As human gamma globulin (anti-HGG), and fluorescent normal rabbit globulin. In each instance the areas where BSA and RSG had been found, the other solutions failed to reveal specific fluorescence. As further control, sections were flooded with non-fluorescent anti-BSA for 30 minutes and then, after washing, with fluorescent anti-BSA for I0 minutes and the intensity of these slides was compared with those flooded first with non-fluorescent anti-HGG for 30 minutes and then fluorescent anti-BSA for I0 minutes. In each case, the latter sections showed far more intense fluorescence than the former, indicating that the fluorescence could be blocked with prior application of unlabelled specific antibody.
Control with Clamped Aorta.--The possibility existed that the bathing of the tissue by the HN~ in some way prevented local cellular or humoral factors from both initiating the vascular inflammation and from removing the antigen within the 48-hour period. Hence, two BSA-sensitized rabbits were given two HIN, injections as above, during which time and for 10 minutes thereafter, the aorta was clamped below the kidneys. This allowed the HNg. to contact the tissues to be used for Arthus reactions, but spared enough of the femoral bone marrow to supply nearly normal quantities of circulating polymorphs. An untreated BSA-sensitized rabbit and a BSA-sensitized rabbit injected twice with HIN2 but without clamped aorta were run in parallel with the two rabbits subjected to aortic clamping. Upon intradermal injection of 60 ttg. N BSA, the two aortic clamp control rabbits developed severe Arthus reactions macroscopicaUy and microscopically similar to those of the untreated rabbit. While the rabbit injected with I-IN~, without clamped aorta and, therefore, without circulating polymorphs, failed to develop an inflammatory reaction. By 48 hours the untreated rabbit and the two rabbits treated with HN,, while their aortas were clamped, showed little or no antigen remaining in the vessels. On the other hand the HIN, rabbit without clamped aorta and without polymorphs retained the antigen in the vessels. This indicated that the persistence of the antigen in the vessels was not due to some action of the HN~ on the tissues or plasma, and supported the contention that polymorphs in the vessel walls are essential for removal of the offending antigen. However, whether some loss of antigen in the vessels occurs secondary to tissue injury that is not directly related to leukocytes could not be ruled out in these studies.
B. Demonstration of Antigen and Rabbit Serum Globulin in Leukocytes
Five BSA-sensitized rabbits were each given 4 i.d. injections of 75 ~g. BSA N. Biopsies were performed and prints of the reactions were made on glass microscope slides at 7, 24, and 48 hours after antigen injection. Fluorescent antibody and Wright's stained sections were then studied.
Prints made at 7 and 24 hours showed an abundance of polymorphs while at 48 hours, fewer were seen. Mononuclear cells were found in modest numbers at all times, while eosinophiles which were easily identified in frozen sections with ultraviolet light were uncommonly seen before 48 hours after injection. Fluorescent antibody studies revealed the presence of BSA within polymorphs at 7 and 24 hours. This was seen as bright green fluorescent granules of varying sizes and in varying amounts from polymorph to polymorph (Figs. 7, 8) . Occasional polymorphs at 7 hours contained no granular fluorescence (Fig. 8) , and many did not at 24 hours. At 48 hours the few remaining polymorphs did not contain BSA. The granules in the cytoplasm of eosinophiles, seen at 48 hours, took on a dull purple fluorescence after contact with any fluorescent antibody. The mononuclear cells seen at 7 hours did not contain fluorescent material. However, at 24 hours an occasional large mononuclear cell contained fluorescent granules or BSA similar to the polymorphs (Figs. 9, 10 ). Similar fluorescent granules were noted within leukocytes after contact with fluorescent anti-RSG, the RSG being present at the same time as the BSA. As is noted below RSA was not found in the leukocytes.
Care was taken to determine whether the fluorescence seen in these cells represented BSA or perhaps non-specific staining imparted to them after contact with fluorescein-labelled proteins. The finding of variable amounts of fluorescence of a sharp, granular nature, present in some, but not all the polymorphs and mononuclear cells speaks against non-specific leukocyte fluorescence. The finding that a large percentage (about 80 per cent) of the polymorphs at 7 hours contained fluorescent granules, few at 24 hours (about 20 per cent) and none at 48 hours favored the interpretation that the material was antigen. While the fluorescent anti-BSA and anti-RSG solutions yielded positive results in leukocytes taken from the reactions, they did not show granular fluorescence in peripheral circulating leukocytes taken from the rabbits at the time of each biopsy, either in the form of heparinized buffy coat or as direct smears made without heparin. Moreover, studies were performed using several other fluorescent protein solutions: fluorescent antioRSA, fluorescent anti-HGG (containing no anti-HSA), and fluorescent normal rabbit globulin. The anti-HGG solution was found to react with both HSA and BSA in the test tube and with BSA on slides in the fluorescent antibody studies. Cross-absorbing the anti-HGG with HSA, so that no precipitation band remained when tested with HSA in the agar diffusion plate, removed the fluorescence staining of leukocytes taken from BSA-induced reactions. Finally, the same non-fluorescent antibody inhibition method described previously showed that the fluorescence of the leukocytic granules could be reduced in intensity when coated with the non-fluorescent anti-BSA and then with fluorescent anti-BSA.
C. Catabolism of Antigen by Leukocytes in Vitro
Since antigen and rabbit globulin could be demonstrated within leukocytes taken from an Arthns reaction, studies were undertaken to find if such leukocytes actually catabolized the ingested antigen. of the antigen originally present was broken down in 24 hours in the three experiments. Increasing amounts of I*BSA protein were also liberated from the cells, probably as a result of cell death. In order to determine whether factors other than the living leukocytes were responsible for the catabolism of the antigen, the cell suspensions from two of the rabbits were divided so that one group of cells was placed at 37°C. as previously while a second group was killed by either heating to 80°C. for 10 minutes or destroyed by sonic vibration for 7 minutes. As noted in Fig. 12 , these killed cells showed no increase in protein catabolism over the 24 hour period. A small amount of non-protein bound I TM was originally liberated from the cells apparently during the process of cell destruction. This probably represented in part stored breakdown products of the I*BSA, accumulated in vivo and released upon cell death.
Attempts were made to determine if I131-1abelled split products of the antigen molecule, released by the leukocytes, could be identified in the non-proteinbound fraction of the tissue culture medium. These would be most likely found as amino acids or peptides still carrying the 113~ label. Accordingly, utilizing single dimensional paper chromatography, it was found that 54 per cent of the radioactivity on the paper migrated with the monoiodotyrosine, 12 per cent with diiodotyrosine, and 28 per cent as free iodide. Although the radioactivity can be associated with the described amino acids, it cannot be identified positively as such since peptides were not identified in this procedure. However, only 28 per cent or less of the non-protein-bound radioactivity migrated as free iodide indicating, since reincorporation of the I m does not occur, that a majority of the total non-protein-bound 1181 was still bound to the split products of the protein. This suggested further that the leukocytes most probably catabolized the BSA molecules and did not simply liberate the I ~3~ label.
DISCUSSION
These studies on the Arthus type hypersensitivity vasculitis indicate that the polymorph plays several roles in the life of these reactions. Not only are they essential in the development of the inflammatory-necrotizing reaction as has been observed previously (4, 9), but they are also instrumental in removing the offending antigen from the reaction site, allowing repair of the diseased vessel to begin.
The importance of polymorphs in the development of the inflammatory reaction was shown in these experiments in which, in the absence of polymorphs, antigen and rabbit globulin were deposited beneath the intima of small vessels without resulting inflammation. However, when antigen was injected in the presence of polymorphs, severe necrotizing reaction of the vessels developed.
The conclusion that polymorphs and probably to a lesser extent, mononuclear cells, are responsible in large part for the breakdown and removal of the offending antigen is based on the findings that, (a) in the absence of polymorphs the antigen, and in all probability the antibody bound to it, persisted in the vessels, (b) that the antigen and associated rabbit globulin could be found in leukocytes taken from the inflammatory site and (c) that leukocytes containing the antigen and associated rabbit globulin were capable of catabolizing the offending antigen in vitro. That the protein antigen molecule was actually split by the leukocytes was shown in chromatographic studies.
An attempt to correlate the amount of antigen catabolized by the cells in vitro with that catabolized in vivo in the vessel wall is difficult and one is able only to speculate. In the in vitro studies, it was found that 20 X 10 e antigen containing leukocytes were capable of catabolizing up to 0.274/~g. N of the BSA in 25 hours. At a glance this would seem to be small in relation to the total amount of antigen injected. However, on careful examination of the Arthus reactions in the fluorescent antibody studies, it was apparent that most of the visible antigen was held within the leukocytes as early as 7 hours after injection. This places emphasis, then, on the ability of such leukocytes to catabolize their contained antigen, and as was found in the in vitro studies, the leukocytes were capable of catabolizing up to 46 per cent of their antigen in 24 hours. This assumes, moreover, that the leukocytes all survived during the in vitro study which was undoubtedly not the case. Also, when one considers that the tissue culture medium is probably not a very favorable environment for cellular function, and that, in the rabbit, fresh leukocytes constantly enter the reaction site, it seems quite likely that the leukocytes could catabolize much of the injected antigen in the 48 hour period.
In these studies, the polymorph appeared to be the cell of greatest importance in antigenic catabolism. However, occasional mononuclear cells were found to contain the BSA and RSG in both the spleen and the 24 hour skin reactions. The finding of antigenic material in mononuclear cells, lymphocytes, and macrophages in particular, in the absence of inflammatory reactions has been reported by Kaplan, Coons, and Deane (11), Sabin (12) and Kruse and McMaster (13) . Perhaps, if mononuclear cells were predominant in these vascular reactions, the burden of antigen catabolism might fall upon them. Eosinophiles failed, whenever found, to contain antigen, and their role in the catabolism of antigen was apparently minimal.
The decrease in the Arthus vascular reaction seen in the sensitized, normal (untreated) rabbits by 48 hours, was associated with and probably dependent at least in part upon this removal of the offending antigen. In most instances in the untreated rabbits, by 24 hours after injection, the antigen was greatly reduced in amount as evidenced by the fluorescent antibody studies, and between 24 and 48 hours, when detectable antigen was gone from the vessels, healing was well under way.
It appeared that the antigen first contacted the antibody within the walls of small vessels, most commonly the venules and capillaries. The precise site of this meeting of the two reactants seemed to be beneath the endothelial cells in the form of a deposit. Surprisingly, this deposit, which was rich in antigen and in all likelihood antibody, elicited no visible change in the cells of the vessel wall particularly the endothelial cells which were in direct contact with it (Figs. 3, 5, 6 ). And on the basis of this evidence it would seem that antigen and antibody alone in these vessel wails are incapable of producing severe inflammatory changes and that polymorphs provide an essential key to the development of vasculitis. Further, these observations would not appear to support the postulation that the vascular endothelium can be in some way "activated" directly by an antigen-antibody reaction (14) . Observable changes in the endothelial cells occurred only when an inflammatory cellular exudation had occurred, suggesting that morphologic changes of the endothelium are secondary to the participation of the polymorphs.
This particular localization of antigen apparently defines the active Arthus reaction and the reversed passive Arthus. We would venture that in those experimental situations in which the type of skin reaction is in doubt, a search for antigen localized in vessel wails 7 hours after injection would help in determining whether or not the reaction in doubt is of the Arthus type.
A similar subintimal localization of the antigen was found in serum sickness vascular lesions although medium to large sized arteries were primarily involved. In many instances these lesions were of longer duration and the antigen also involved the media with the progressing reaction (15, 16) . It is noteworthy that in serum sickness there appeared to be an entirely different mechanism of antigen-antibody localization from that in the Arthns vasculitis. In the former, it would seem that the antigen and antibody, probably in the form of a soluble complex, both entered the wall of the artery from the blood stream, as opposed to the Arthus vascnlitis in which only antibody was present in the circulation and antigen diffused toward it from outside the vessel. Also in serum sickness there was occasionally evidence of vascular damage; i.e., edema and intimal proliferation in the absence of significant polymorph infiltration. In each case, however, the earliest detectable point of antigenantibody deposition Was the same, namely, beneath the intima, where the vascular inflammation began. What factors govern this particular point of localization in either type of reaction, and whether these governing factors are similar, remains unknown although Benacerraf and associates (17) have related the localization of soluble antigen-antibody complexes in certain vessels to large numbers of local mast ceils.
SUMMARY
The role of polymorphs in the Arthus type hypersensitivity vasculitis has been studied. Polymorphs were found to play an essential role in not only producing the inflammatory vasculitis, but also were instrumental in ridding the damaged vessel of the antigen, probably by means of proteolytic catabolism at the inflammatory site.
A temporal relationship between the disappearance of antigen from the damaged vessels and a decrease in inflammatory reaction was found.
The earliest localization of antigen and its associated rabbit globulin in the Arthns vasculitis was found to be beneath the endothelium of small vessels.
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